chlorinated hydrocarbon insecticides provided excellent control of these pests (2). The cyclodiene aldrin became the most widely used compound by the mid 1950's as use of these soil-applied insecticides blossomed.
For example, soil insecticide use in Iowa went from nothing in 1950 to 237,000 acres in 1954 (6% of corn acres) (3). The control was so effective that a broadcast soil application in many cases provided control both that year and the next! The perspective that "The persistent chlorinated hydrocarbons appear to be uniquely well adapted for soil use" (3) rather quickly collided with the reality of insect microevolution. The first evidence of rootworm control failures occurred in Nebraska in 1959, and by 1962 resistance of rootworms to the cyclodienes had been conclusively documented (4) . The spread of this resistance during the 1960's, along with environmental scrutiny of the ecological impacts of these persistent compounds, created a demand for more environmentally sound insecticides.
Beginning in the mid to late 1960's the biodegradable organophosphorus and carbamate insecticides began to replace the chlorinated hydrocarbons as the rootworm control chemicals of choice. Diazinon, oxydisulfoton, and phorate were the first, and were quickly followed by bufencarb, trimethacarb, fonofos, and fensulfothion. In the mid to late 1970's the introduction of new chemicals continued as ethoprop, carbofuran, chlorpyrifos and terbufos came into use. Because rootworm insecticides are most commonly applied at planting, 4-8 weeks prior to rootworm egg hatch, it was early recognized that the inherently rapid degradation rate of some of these insecticides precluded their effective use (5). However, most provided effective control without the undesirable environmental impact of the chlorinated hydrocarbons.
By 1973 roughly 20-30 million acres of midwest corn were treated annually with soil insecticides (6), and corn had become the leading crop for use of soil insecticides.
Enhanced Insecticide Degradation and Control Failure
Although it was realized that various environmental factors could influence rootworm control with soil-applied insecticides (7), the failures of several reliable insecticides wrought some degree of consternation within the agricultural community.
As various compounds fell from common use during the 1960's and 1970's due to poor performance (diazinon, oxydisulfoton, bufencarb, trimethacarb, fensulfothion) resistance was examined as a possibility and found not to prove sufficent for explaining the observed failures (6, 8) . The continuing introduction of new insecticides for the corn rootworm market tended to balance out the overall effect of the losses of failure-prone products.
Research on control failures during the late 1970's and early 1980's focused on carbofuran, a compound that had earlier provided excellent control and had captured a considerable share of the rootworm insecticide market (e.g. 20% of treated acres in Iowa in 1977) (9) .
Although some studies found no correlation between prior use of carbofuran and an enhanced rate of carbofuran degradation (10.11) both monitoring of field residues (12-14) and laboratory degradation tests (15-17) conclusively demonstrated enhanced microbial degradation as the cause of decreased carbofuran persistence in fields with histories of carbofuran use.
Thus, a phenomenon that had first been noted with the phenoxyalkanoic herbicides during the 1940*s and had languished as an academic curiosity became a primary concern in the Midwestern corn belt. See Felsot (18) for a more complete account of the recognition of carbofuran enhanced degradation. As control failures of other insecticides for the rootworm market (isofenphos, terbufos, fonofos, cloethocarb, bendiocarb) occurred, enhanced degradation began to be blithely invoked as the universal cause for many of these failures (19) .
With this assumption many extension agents began recommending rotations between rootworm insecticides as a possible means of avoiding this perceived problem (e.g.,20).
The inference of enhanced degradation became a marketing weapon of some agrochemical companies to raise questions regarding the performance of competitor's products.
It was obvious that a rational, experimental approach was needed to address the question of which insecticides had actually undergone enhanced degradation.
An Experimental Approach for the Study of Enhanced Degradation
In an effort to determine the criteria that should be used to invoke cases of enhanced degradation, an experimental approach for its study was developed that focused on laboratory investigations with field-collected soils.
It was obvious that insecticide control failures were common occurrences and certainly not all due to enhanced degradation, as investigations of faulty application methods and unusual environmental conditions have shown (18) .
The ideal approach to the study of enhanced degradation would involve controlled field research in which pesticide persistence and control efficacy were both measured at many locations over a number of years. However, the tremendous cost in time and effort and confounding of results by environmental variables make a controlled laboratory approach desirable.
The limitation of laboratory efforts focused exclusively on the soil-insecticide interaction is that they cannot fully address the additional insect-insecticide and insect-crop interactions present in the field.
This means that caution must be excercised when proof of enhanced degradation is discovered in the laboratory, for this does not necessarily mean that insect control and crop yield will be adversely affected under field conditions. With this caution in mind, results of laboratory investigations can be kept in proper perspective for what they can best provide: a mechanistic understanding of soil-microbe-insecticide interactions.
Rapid Insecticide Degradation Assay
The first part of the laboratory methodology for study of enhanced degradation involved use of a rapid degradation assay by which an idea of the rate of insecticide degradation could be obtained for a large number of soils.
The soils for this assay were collected during the fall from Iowa cornfields with known histories of insecticide use.
In some cases the soils collected were specifically from fields in which an insecticide had been used for several years and no longer provided suitable control of soil insect pests. In these cases a separate soil was also collected from an adjacent field or from the field fencerow.
A 25-g portion of each soil was placed in a glass jar and treated with C-insecticide at 5 μg/g. Insecticides used for this assay included those for which fields with some treatment histories could be identifie^d:
C-carbonyl-carbofuran, C-ring-isofenphos, C-ring-fonofos, C-ethoxy-terbufos, C-ethoxy-phorate, and C-ethyl-ethoprop.
After each soil was moistened to 0.3 bar soil-moisture tension, glass vials containing 0. 1 Ν NaOH were placed inside each jar to serve as C02 traps. The jars were incubated in the dark at 25°C for 1 week, during which the traps were analyzed daily for trapped CO2.
Results of the rapid degradation assay (Table I) are expressed for each insecticide as cumulative mineralization in history soils (treated with that pesticide at least one previous year) and non-history soils (untreated or treated with other insecticides). All soils from fields previously treated with carbofuran exhibited a much higher mineralization rate than soils from non-history fields. Previous reports have confirmed the enhanced degradation of carbofuran, and its rapid mineralization in each carbofuran-history soil is indicative of its great susceptibility to enhanced degradation.
Even the fencerow soils surrounding carbofuran-history fields exhibited increased carbofuran mineralization rates, and had apparently been contaminated by carbofuran or carbofuran-treated soil.
Up to 5 years had elapsed since the last carbofuran soil application to history soils. Therefore, more intensive soil degradation studies focused on carbofuran, isofenphos, fonofos, and several related insecticides.
Cumulative plots of carbofuran mineralization in a history and a nonhistory soil are presented in Figure 1 .
The initially accelerating rate of C02 production, indicative of a microbial response (e.g., enzyme induction, population growth), is characteristic of enhanced degradation.
Comparison of the mineralization of C-carbonyl and C-ring labelled carbofuran demonstrates an important consideration in this type of assay: the location of the C label in the insecticide is critical for this type of assay to provide useful information. Although the carbonyl C was almost completely evolved as CO2, the ring C was only slowly mineralized.
There are several complementary rapid degradation screening assays that have been effectively used in the laboratory. These include bioassay (16.23). gas chromatographic assay of persistence (17), colorimetric assay (24), and liquid medium assay (15.25). All can be useful in screening large numbers of soils for gross differences in insecticide-degrading behavior.
However, it is extremely important that such assays are not used to provide the sole basis for explaining potential instances of enhanced degradation (26) .
In order for enhanced degradation to be truly confirmed for a given pesticide a more thorough laboratory and/or field investigation in which the microbiological aspects are clarified is required.
Only then can enhanced degradation be distinguished from natural variations in soil insecticide degradation due to variation in soil properties (e.g., biomass, pH, organic content).
The most useful aspect of these rapid degradation assays is in identifying suspect soils and pesticides for further investigation.
Pesticide Degradation in Companion Soils
The second component of the laboratory methodology for study of enhanced degradation involved a more intense investigation of the soil degradation of insecticides identified as suspect from the rapid degradation assay (carbofuran, isofenphos, fonofos) as well as 2 additional insecticides (cloethocarb, chlorpyrifos).
The degradation Days of Incubation of these insecticides was examined in 'companion' soils. For a given insecticide this included a soil with a history of application of that insecticide and a similar soil from an untreated adjacent experimental plot or field.
The history soils for carbofuran, isofenphos, and fonofos had displayed evidence of rapid insecticide degradation in the rapid degradation assay.
The strategy was to examine the rates and products of degradation in treated and untreated companion soils to determine if a shift in dégradâtive behavior had occurred.
For this study 100 ^samples of soil were placed in glass jars and treated with either 4 C-ring-carbofuran, 14 C-ring-cloethocarb, C-ring-isofenphos, C-ring-fonofos, or C-ring-chlorpyrifos at 5 μg/g. Soils were moistened to 0.3 bar soil moisture tension and incubated for 4 weeks at 25°C by using a flow-through incubation system in which air was periodically passed from the jars and through 0. 1 Ν NaOH traps for monitoring of evolved 14 C02 and maintenance of aerobic conditions (27) .
Soils were then extracted with organic solvents to remove extractable metabolites and the extract analyzed by thin-layer or high-pressure liquid chromatography for determining distribution of metabolites.
Samples of extracted soil were combusted to determine soil-bound C-residues. Results of the soil pesticide metabolism study are presented in Table II , and the companion soils are listed first for each pesticide investigated.
For carbofuran, there was a tremendous difference in degradation rate between the history and nonhistory soils. As oppposed to the mineralization assay, in which C-carbonylcarbofuran was used, this study employed C-ring-carbofuran. Therefore, although little mineralization of the carbofuran ring occurred in any soil, there was a tremendous accumulation of soil-bound residues in the soil in which carbofuran was rapidly degraded.
The enhanced degradation of carbofuran has been extensively documented (18) . The behavior of cloethocarb was similar to that of carbofuran, and it too was extensively degraded in the history versus the nonhistory soil with substantial accompanying production of soil-bound residues. Cloethocarb is a carbamate insecticide that was under development for the rootworm insecticide market but was withdrawn about the same time that decreased persistence in soil after repeated use was noted (28).
Both isofenphos and fonofos were much less persistent in the history versus the nonhistory soils.
A major difference between these insecticides and the carbamates was that considerable mineralization of the aromatic ring portion of the organophosphorus compounds occurred.
For isofenphos, considerable quantities (15.2%) of isofenphos oxon accumulated only in the nonhistory, whereas no such accumulation was noted in the isofenphos-history soil. Several reports of the reduced persistence of isofenphos in field plots following repeated use have appeared (29.30). and isofenphos was withdrawn from the rootworm insecticide market after widespread experiences of control failure following second year applications. This is especially ironic because upon first application to soil isofenphos behaves as one of the most persistent organophosphorus insecticides (31 Evidence has been generated that in soils, plots, or fields selected for study the pesticide exhibits decreased persistence when it has been repeatedly applied. These companion soils have often been selected as a result of observed field failures, with 'control* soil collected from an adjacent fencerow, plot, or field.
But does the comparison of rates of insecticide degradation in history and non-history soils represent sufficient evidence for proving that an insecticide has undergone enhanced degradation?
We believe not for several reasons. First, it is recognized that there is a tremendous amount of natural variation in the rate of pesticide degradation between soils due to such environmental factors as organic matter content, pH, texture, and moisture.
For Second, by definition, enhanced microbial degradation is a microbial process, and unless it is demonstrated that the microbial community is involved in the rapid degradation observed, it is impossible to distinguish it from abiotic mechanisms of pesticided degradation.
Third, current understanding of enhanced degradation recognizes that the mechanism of enhanced microbial degradation involves an inducible microbial adaptation for pesticide catabolism (18.34) .
It has been demonstrated that the level of total microbial biomass in soil can sometimes greatly influence the rate of pesticide degradation (35) .
Should the term 'enhanced degradation' be used to describe the increased rate of degradation seen in soils from fields that have greater levels of microbial biomass (e.g. manured fields)?
It is evident from these considerations that for enhanced degradation to be truly characterized, the microbiological aspects of the phenomenon must be investigated.
Microbiology of Enhanced Insecticide Degradation
A first step in the laboratory methodology regarding the microbiology of enhanced degradation involved determination of microbial involvement in the rapid insecticide degradation noted in some history soils.
The strategy employed was to expose soils with suspected enhanced degradation to various antimicrobial treatments and monitor any inhibition of insecticide degradation.
The rapid insecticide degradation assay in which evolution of C02 was used as an indicator of degradation proved ideal for such an investigation. Samples of soil for the mineralization assay were either autoclaved to destroy total microbial activity, treated with 100 μg/g of chloramphenicol to inhibit soil bacteria, or treated with 100 μg/g of cycloheximide to inhibit soil fungi prior to C-insecticide application.
To investigate reports that the insecticide ethoprop interfered with enhanced carbofuran degradation and that soil microorganisms might be utilizing carbofuran as a nitrogen source, soil samples pretreated with 25 μg/g of ethoprop or sodium nitrate were also incubated.
Results of these assays are presented in Figure 1 . With carbofuran, isofenphos, and fonofos (not shown), sterilization by autoclaving totally inhibited rapid pesticide degradation in history soils.
By itself this seems to indicate that the rapid degradation is microbially mediated.
However, autoclaving also destroys immobilized enzymes present in soil, and it has been shown that these enzyme systems are responsible for the extremely rapid organo-phosphorus insecticide degradation observed in some soils (36) .
In order to better demonstrate the involvement of the soil microbial community in pesticide degradation, it is desirable to use antimicrobial treatments that are more selective than autoclaving. Although the antibacterial compound chloramphenical greatly inhibited the degradation of these insecticides, the antifungal compound cycloheximide did not.
Thus, this type of assay can provide information not only on the microbial nature of the phenomenon but also on the microbial groups involved. The primary role of the soil It is worth noting that an excess supply of nitrate did not affect carbofuran degradation, but the insecticide ethoprop apparently inhibited the rapid degradation of carbofuran through some unknown mechanism.
Use of sterilized soil assays has commonly been used to distinguish enhanced degradation from abiotic degradation (15.29) .
A second step in the study of the microbiology of enhanced degradation involved an attempt to enumerate the microbial population in soil capable of beneficially catabolizing these insecticides. This is a critical step because it distinguishes between mere cometabolism and microbially beneficial catabolism.
A mostprobable-number (MPN) assay, by which microbial numbers are statistically estimated from a series of dilutions, was used to determine levels of microorganisms capable of metabolizing carbofuran, isofenphos, or fonofos in soils displaying rapid pesticide degradation.
MPN techniques have been extensively utilized for the study of microorganisms in aquatic systems and the basic methodology described by Somerville et al. (37) was used.
The basal salts medium in which microbial growth was assayed contained either isofenphos or fonofos as a sole carbon source, or carbofuran as a sole carbon and nitrogen source.
Results with isofenphos were quite conclusive.
In nonhistory soils there were no microorganisms detected that could catabolize isofenphos as a sole carbon source, whereas in soils with an enhanced rate of isofenphos degradation between 6,000 and 12,000 isofenphosdegrading microorganisms were present per gram of soil.
A similar population of isofenphos degraders could be induced in untreated soil by prêtreatment with 100 ppm of isofenphos.
At higher isofenphos pretreatment levels increases in the total number of soil bacteria as measured by standard plate count methods could be detected.
Thus, the numbers of total bacteria in isofenphos-history and untreated soils increased 20-fold and 7-fold in response to a 5,000 μg/g isofenphos application, respectively.
In the case of fonofos, no population of fonofos-catabolizing microorganisms could be detected in the soils with rapid rates of fonofos degradation.
This indicates that the rapid degradation of fonofos in these soils may be unrelated to any actual microbial adaptation and thus may not involve enhanced degradation.
In the case of carbofuran, both soils displaying an enhanced rate of carbofuran degradation and untreated soils contained significant populations of carbofuran-metabolizing microorganisms. In general, the numbers of carbofuran degraders was greater in carbofuran-history soils displaying an enhanced rate of carbofuran degradation (150,000-458,000/g soil) than in untreated soils (23,000-183,000/g soil).
This implies that there may be qualitative differences in the rate at which soil microorganisms can degrade a given insecticide as well as quantitative differences in populations of degraders.
Although work on estimating the populations of phenoxyalkanoic herbicide degraders and carbamothioate herbicide degraders in soil has shown higher population levels in soils displaying enhanced rates of herbicide degradation (38.39). in some cases no significant difference in population levels has been noted (40 By itself, isolation of an insecticide-catabolizing microorganism from soil is not sufficient evidence of enhanced degradation, but coupled with data on increased rates of degradation in history soils it does complete the evidence necessary to substantiate this phenomenon.
One of the additional bonuses that results from isolation of these insecticide-degrading microorganisms is the opportunity to study the enzymology and genetics of the process.
Cross-Adaptat ions for Enhanced Degradation
A final consideration of enhanced degradation of soil insecticides in the cornbelt is the specificity of the adaptation that leads to enhanced microbial degradation.
It has been noted that in some cases an insecticide is degraded rapidly in soil from a field to which it has never been applied before, but a similar insecticide has. The specificity of enhanced degradation can be studied at all levels from field persistence behavior to interactions with microbial enzymes. Cross-adaptations seem to be especially characteristic of enhanced carbamate insecticide degradation.
Carbofuran degraded rapidly in a soil previously exposed to cloethocarb, while the rate of cloethocarb degradation was somewhat enhanced in soil with carbofuran history (Table II) . A number of related carbamate insecticides were degraded in soil repeatedly treated with carbofuran (17), and the degree of cross-adaptation for carbamate insecticide degradation in soil has been shown to depend on structural similarity.
Likewise, the carbofuran-catabolizing Achromobacter sp. isolated from carbofuran-history soil could utilize a number of carbamate insecticides as sole nitrogen sources (42). The adaptation for enhanced degradation of organophosphorus insecticides, however, appears to be much more specific.
Neither fonofos nor chlorpyrifos was rapidly degraded in isofenphos-history soil, and only fonofos was degraded rapidly in fonofos-history soil (Table II) . No cross-adaptations for enhanced degradation of organophosphorus insecticides were noted in soil displaying enhanced isofenphos degradation, and the Arthrobacter sp. isolated could metabolize only isofenphos in pure culture and did not metabolize or cometabolize other organophosphorus insecticides (22) .
It is likely that the specificity of enhanced degradation depends on the microbial metabolic use of the insecticide. Hydrolysis of any N-methylcarbamate insecticide yields methylamine as one product, and if the bacteria are utilizing this product as a nitrogen source, the ability to hydrolyze carbamate insecticides in general would be advantageous (42) .
However, microbial degradation of organophosphorus insecticides as carbon sources proceeds via initial hydrolysis and secondary metabolism of the aromatic phenolic metabolites.
Because the hydrolytic metabolites of organophosphorus insecticides tend to be somewhat unique, this might explain the high specificity of the enhanced degradation of both isofenphos (27) and diazinon (43) .
Towards an Experimental Definition of Enhanced Degradation
In summary, the enhanced degradation of an insecticide involves its rapid degradation by a population of soil microorganisms that has adapted to beneficially catabolize it following exposure to it or a similar insecticide.
This enhanced rate of degradation may or may not result in failure of the compound to control the target pest depending on environmental conditions. For enhanced degradation to be thoroughly investigated studies must be carried out to demonstrate an increased rate of degradation in soils with prior insecticide exposure, to identify the rates and products of degradation in similar soils under controlled conditions, and to elucidate the microbiological aspects of the phenomenon including the identification of an adapted, insecticide-catabolizing microbial population.
Using these criteria, only carbofuran and isofenphos have been sufficiently experimentally scrutinized so as to characterize their enhanced degradation in soil.
Some evidence suggests the possibility that other insecticides may also have undergone enhanced degradation, but further study is required to provide sufficient evidence.
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